We calculate the ground-state energy and other physical properties of the hydrogen atom inside a spherical box with an impenetrable wall. We apply the variational method and perturbation theory and compare both approximate results. We show that the total, kinetic and potential energies for the moving-nucleus model are greater than those for the case in which the nucleus is clamped at the box center.
I. INTRODUCTION
Atoms and molecules confined into boxes of different shapes and permeability proved to be suitable simple models for the study of the effect of the environment or of high pressure. In the later case the pressure is given by p = −dE/dΩ where E is the energy and Ω the volume of the confining box. Those models enable us to simulate the effect of pressure on several properties of atoms and molecules, such as, for example, their polarizability [1] . There is a vast literature on the subject and the reader may find suitable reviews elsewhere [2] [3] [4] [5] [6] .
In all those cases the nucleus was clamped at some chosen point within the box. For example, in the case of an impenetrable spherical box we know that the energy is lowest when the nucleus is clamped at origin and increases as the nucleus approaches the surface [7] . This behavior comes entirely from the interaction between the electron and the wall and does not tell us anything about the effect of the hard surface on the nucleus.
If we have an atom in a real environment we should assume that the nucleus also interacts with that environment.
Therefore, it seems reasonable to add that interaction explicitly into the model. The simplest one is that in which both the nucleus and electron are affected exactly in the same way by the impenetrable spherical surface. In such a case we know that the nucleus cannot have zero kinetic energy because of its interaction with the surface and, therefore, the clamped-nucleus approach may not be the most realistic one [8] [9] [10] .
It seems more reasonable to assume that a repulsive force on the electron should be an attractive one on the nucleus and conclude that it is more realistic to choose different boundary conditions for each particle at the box surface.
However, as a first approximation to more elaborate models it seems sensible to start with an impenetrable wall for both particles and compare the results of this model with the clamped-nucleus approach.
II. THE MODEL
The Hamiltonian operator for a nonrelativistic hydrogen atom iŝ
where m e and m n are the masses of the electron and nucleus located at r e and r n with charges −e and e, respectively, r = |r|, r = r e − r n , ǫ 0 is the vacuum permittivity and ∇ 2 denotes the Laplacian in the coordinates indicated by the subscript.
If the atom is confined to a spherical box of radius R with an impenetrable wall we can formally write the Hamiltonian operator in atomic units asĤ
where m n = 1836.15267261 and the eigenfunctions should vanish when either r e = R or r n = R.
It is well-known that the virial theorem for such a system is given by [3, 5, 11 ]
where Ω is the volume of the spherical box. This expression gives us the pressure on the hydrogen atom p = −dE/dΩ in terms of the kinetic and potential energies. When R → ∞ we recover the virial theorem for the free hydrogen atom
whereT r is the kinetic energy for the relative motion and m = m n /(m n + 1) is the reduced mass in atomic units.
III. METHODS OF CALCULATION
A. The variational method
In order to calculate accurate eigenvalues and eigenfunctions of the hydrogen in a box we resort to the generalized Hylleraas basis set that proved useful for three-body Coulomb systems [12] [13] [14] [15] . For example, for the S states we choose a trial function of the form
with linear c k and nonlinear α k , β k , γ k variational parameters. The explicitly correlated character of these functions ensures accurate energies for the ground and low excited states of free three-body atomic and molecular species with relatively few terms in the expansion. The effect of the Hamiltonian operator (2) on this variational function is simply given byĤ
∂r e ∂r ϕ
A recent pedagogical approach to the confined hydrogen atom with a moving nucleus proposed the simple ansatz
where γ is a variational parameter and N (γ, R) the appropriate normalization factor [8, 9] . Since this function yields the correct result when R → ∞ then it provides accurate ground-state energies for large and moderate values of R.
In this paper we propose the straightforward generalization
that may be suitable for the ground and excited S states.
Notice that the cut-off function (1 − r e /R)(1 − r n /R) tends to unity as R → ∞ so that the resulting asatz (8) will be suitable for the free system. We also expect that under such condition α and β vanish as well as the coefficients c k of those terms with n k = 0 and m k = 0.
For comparison we will also consider the hydrogen atom with the nucleus clamped at origin. A suitable trial function
where δ and d j are nonlinear and linear variational parameters, respectively. This trial function yields the exact S states of the free hydrogen atom when R → ∞. For brevity we refer to the moving-nucleus case (MNC) and clamped-nucleus case (CNC) from now on.
B. Perturbation theory
In the strong-coupling regime R → 0 the Coulomb interaction is entirely dominated by the kinetic energy and the problem is almost separable [8] [9] [10] . In the first approximation we have two particles moving independently within the box and we can apply Rayleigh-Schrödinger perturbation theory by splitting the Hamiltonian operator into the zero-order or referenceĤ
and perturbationĤ ′ = −1/r parts.
The unperturbed eigenfunctions are given by
were
and
In these equations Y lm (θ, φ) are the well-known spherical harmonics, j l (z) is a spherical Bessel function and x l,n its nth zero [16] . Table I shows the total, kinetic and potential energies for the ground state for several values of the box radius R. The first, second, and third rows for each entry shows perturbation and variational results for the MNC and variational results for the CNC, respectively. For simplicity, we restrict our MNC variational calculations to the trial function ϕ(r e , r n ) = 1 − r e R 1 − r n R e −αre−βrn−γr (c 1 + c 2 r + c 3 r n + c 4 r e )
IV. RESULTS AND DISCUSSION
In the CNC we consider Eq. (9) with N = 4 that yields as much as five-digits accuracy when compared with the higly accurate results of Aquino et al [17] . On the other hand, the approximate variational MNC energy is expected to be less accurate because the basis set in Eq. (14) is comparatively smaller. However, present results are considerably more accurate than previous ones for this model [8, 9] .
First-order perturbation theory is acceptable in the strong-coupling region R < 1 au. We appreciate that the perturbation result is systematically greater than the variational one that is known to be a rigorous upper bound.
This fact clearly shows that the latter is more accurate even for R = 0.1 au where the perturbation result is expected to be fairly accurate. Table I shows that perturbation theory underestimates the nuclear kinetic energy and overestimates the potential energy while, on the other hand, provides a quite reasonable estimate of the electronic kinetic energy.
It is also interesting to compare the variational results for the MNC and CNC. The MNC energy is greater than the CNC one for all values of R. The reason is that the CNC energy is smallest when the nucleus is located at the center of the box that is the particular case chosen here. This effect was discussed earlier by means of a less accurate trial function for the MNC [8, 9] . Table I shows that both the kinetic and potential energies are greater for the MNC. Table II shows the variational parameters for the trial functions (14) and (9) as well as the expectation values of r e , r n and r. Since the magnitude of the nonlinear variational parameter α is negligible for all values of R we have set it equal to zero. On the other hand, β is quite large for small R and decreases as R increases. The remaining nonlinear parameter γ decreases with R reaches a minimum and then increases asymptotically towards the free-atom value. Those exponential parameters suggest that the nucleus is localized about the box center whereas the electron is localized about the nucleus (though not so strongly because β > γ for all R). The fact that r n < r e ≈ R/2 supports this conjecture. Table II also shows that r MN C ≈ r CN C . 
